Abstract Ruthenium-catalyzed hydroamination of alkenes and alkynes with substituted anilines in the presence of various phosphine ligands have been investigated and catalyst activity and selectivity is improved. Ruthenium(II) complexes of diphenylphosphinomethane, diphenylphosphinoethane, diphenylphosphinopropane, diphenylphosphinobutane and diphenylphosphinopentane showed 50-90 % conversion under mild conditions. The effect of diphosphine ligands, substituent groups on anilines and reaction condition on the selectivity of hydroamination reaction were studied and the possible reaction mechanism was discussed. The reaction products were monitored by GC-MS and a mechanism for the hydroamination of alkenes and alkynes by ruthenium diphosphine complexes was proposed and discussed. The structures of two new complexes, C 49 H 58 Cl 4 P 2 Ru 2 and C 35 H 36 Cl 2 P 2 Ru, as hydroamination catalysts were determined by X-ray crystallography.
Introduction
There are considerable interests in the development of efficient synthetic protocols for the construction of carbonnitrogen bonds because of their importance as fine chemicals, pharmacological, dyes and natural products [1] . Among the various organic transformations, the direct addition of N-H bonds to alkenes and alkynes is a challenging and highly desirable reaction [2] . In this respect, the transition metal-catalyzed hydroamination of olefins has been developed as an important tool for selective production of a large variety of amines and imines. Industrially important terminal olefins provide two regioisomeric amines, the Markovnikov and anti-Markovnikov products. The Markovnikov regioisomer is usually favored as a consequence of the higher stability of the intermediate [3] . Different types of transition metal complexes [4, 5] , strong bases [6] and various acids [7] , have been used as the catalyst for hydroamination reactions. Despite considerable progress in recent years, a general hydroamination protocol for olefins has not yet been developed. To catalyze the hydroamination of alkenes or alkynes, two basic approaches have been used: activation of either the amine by low-valent transition metal complexes or the unsaturated bond by high-valent complexes. Since it is possible to change the properties of the catalyst by simple ligand exchange reactions, transition metal complexes probably offer the most promising route for the development of a general and efficient catalytic hydroamination process [8] . The first transition metal catalysts for hydroamination were rhodium complexes, introduced by Du Pont for the reaction of ethylene with secondary amines [9] . Subsequently, Taube et al. [10] [11] [12] elucidated the mechanism of this reaction and synthesized more active rhodium catalysts. Milstein et al. [13] showed that, in addition to the rhodium complexes, iridium complexes are also active for hydroamination reactions.
Hartwig et al. [14, 15] recently reported a significantly improved catalyst, generated from [Pd(PPh 3 ) 4 ] and CF 3 CO 2 H, at room temperature, however, even in this case, the reaction takes about a day for completion. Since the 1990s, ruthenium-catalyzed reactions such as [16] olefin metathesis [17] , the oxidation of alcohols and amines [18] , asymmetric reduction using hydrogen [19] , hydroamination and hydroaminomethylation of olefins have attracted a great interest in organic synthesis [20] . Among these complexes, half-sandwich ruthenium(II) arenes are important and widely used organometallic compounds and exhibit a diverse range of coordination chemistry [21] [22] [23] [24] .
While applications of bidentate phosphine ligands are prevalent in the coordination chemistry of the transition metals, it is interesting to note that the actual process of forming these complexes has received relatively little attention.
As a continuation of our studies on these systems, we thought it is worth taking a detailed study of the reactivity of ruthenium-arene with bidentate phosphine ligands. In this context, we have prepared several ruthenium(II) complexes with diphosphines ligands, diphenylphosphinomethane (dppm), diphenylphosphinoethane (dppe), diphenylphosphinopropane (dppp), diphenylphosphinobutane (dppb) and diphenylphosphinopentane (dpppe), and studied their catalytic activities in hydroamination of cycloolefins and alkynes. Furthermore, the crystal structure of two new complexes [Ru(cymene)Cl 2 dppm] 2 and [Ru(cymene)Cl 2 dpppe] 2 , were determined by X-ray diffraction analysis.
Experimental

General
All reactions were performed under nitrogen atmosphere using a nitrogen-filled glovebox or standard Schlenk techniques. All chemicals and reagents were purchased from Aldrich or Strem chemical companies. Amines were purified by distillation from the appropriate drying agents. All solvents were of analytical grade, and purified prior to use based on standard methods. Xantphos derivatives and [Ru(p-cymene)Cl 2 ] 2 were prepared according to previously published methods [25, 26] . Melting points are uncorrected and were obtained with an Electrothermal 9200 melting point apparatus.
1 H and 31 P NMR spectra were recorded at room temperature in CDCl 3 on a Bruker Avance 300 MHz instrument. Single-crystal X-ray diffraction data were collected on a STOE IPDS-II diffractometer with graphite monochromated Mo K a radiation at room temperature using Stoe X-AREA software [27] . For monitoring of reaction products and their identity, a gas chromatograph, Agilent Technologies 7890A instrument (equipped with a HP-1 capillary column, a FID detector), and a mass spectroscope model 5975C with a triple-axis detector was used. Dodecane was used as internal standard.
General procedure for the synthesis of complexes Dichloro(p-cymene)ruthenium(II) dimer, [Ru(p-cymene)Cl 2 ] 2 , (0.01 mmol) was dissolved in (50 mL) dichloromethane, then a solution of diphosphine, (0.02 mmol) in dichloromethane (50 mL) was added drop wise and the mixture was refluxed for 2 h. The resultant dark-red solution was filtered and the solvent was removed in reduced pressure. The resulting solid was re-dissolved in dioxane and was cooled to -10°C. After several days, suitable crystals of ruthenium complex were collected.
[Ru(cymene)Cl 2 ]dppm (1)
Yellow solid (yield 72 %). Anal. calc. for C 35 General procedure for the hydroamination of substituted anilines with cycloheptatriene Dichloro(p-cymene)ruthenium(II) dimer (2 mol%, 0.01-0.02 mmol), diphosphine ligand (4 mol%, 0.02-0.04 mmol), and base additive (10 mol%, 0.05-0.10 mmol) were added directly into a 5-mL stainless steel autoclave. Required amount of cycloheptatriene and substituted aniline dissolved in 2 mL N-methyl pyrrolidine were added and the reaction mixture was flushed with argon for 5 min, then it was stirred at 140°C for 72 h. Reaction products were analyzed by gas chromatography after addition of dodecane (0.15-0.20 mmol) as internal standard.
General procedure for the hydroamination of substituted anilines with phenylacetylene
The autoclave was charged with [Ru(cymene)Cl 2 ] 2 (0.05 mmol), diphosphine ligand (4 mol%, 0.02-0.04 mmol), substituted aniline (1 mmol), phenylacetylene (1 mmol) and 2 ml N-methyl pyrrolidine as solvent. The autoclave was flushed with argon for 5 min and then it was stirred at 130°C. After 16 h, the autoclave was cooled to room temperature and the products were analyzed by gas chromatography.
Result and discussion
Catalytic studies
Pioneer works of Robinson [28] opened a new route for preparation of biological active chemicals from simple raw materials. Catalytic hydroamination of cycloheptatriene with amines is an alternative method for making tropene rings and become attractive in the recent years. In this work, tropene ring was formed in the hydroaminations of cycloheptatriene with aniline derivatives (Scheme 1) in the presence of the catalytic amount of ruthenium complexes and dpppe with an isolation yield of 60 %. We proposed that these catalyst precursors generate a diphosphine complex which is active in this reaction. In this context, a series of ruthenium-arene diphosphine complexes have been synthesized from the appropriate dimer, [{Ru(arene)Cl 2 } 2 ]. Ruthenium(II) complexes of diphosphines, diphenylphosphinomethane (dppm) (1), diphenylphosphinoethane (dppe) (2), diphenylphosphinopropane (dppp) (3), diphenylphosphinobutane (dppb) (4) and diphenylphosphinopentane (dpppe) (5) were prepared. The prepared complexes were applied for catalytic hydroamination of cycloheptatriene with substituted anilines (Scheme 1).
Results of hydroamination of cycloheptatriene with substituted anilines in the presence of different ligands are summarized in Table 1 . The reactions were typically carried out at 140°C with 0.5-1 mmol aniline and 2-4 mmol of triene. As can be seen in Table 1 , dpppe shows a higher conversion with respect to other diphosphine ligands, xantphos calcogenides and monophosphine ligands.
The results of hydroamination of cycloheptatriene with aniline derivatives are listed in Table 2 . As expected the electron donating functional groups on aniline increased the activity of the hydroamination reaction.
Proposed mechanism [29] suggests that a ligand leaves the ruthenium center at the first stage. Subsequently, oxidative addition of an amine to coordinatively unsaturated ruthenium center takes place (Scheme 2). Apparently, Ru(II) precursors, at first stage reduces to a low-valent catalytically active Ru(0) species under reaction conditions and then a nucleophilic attack of amine on ruthenium generates a complex containing an amino group and this followed up by addition of cycloheptatriene. Dissociation Scheme 2 Proposed mechanism for hydroamination of cycloheptatriene with aniline Scheme 3 Reaction of phenylacetylene with substituted aniline of the product and proton transfer to the combination of ruthenium and triene would then regenerate the pentadienyl intermediate.
According to above mechanism, reduction of the electron density in the aniline ring by incorporation of an electron withdrawing group like chloro or nitro decreases the yield of the reaction. Recall that meta substituents only contribute inductive effects, whereas para substituents contribute both inductive and resonance effects, thus in the case of methoxy and hydroxy groups in ortho and para position, the lone pair of electrons on the oxygen can donate back into the aryl ring by resonance giving rise to a strong electron donating effect. Other substituents, such as methyl, may also donate electron density to the p system; however, since they lack an available unshared pair of electrons, their ability is rather limited, thus they only weakly activate the ring.
Because of importance of solvent on conversion and chemoselectivity of hydroamination reactions different solvents such as toluene, tetrahydrofuran, dioxane and Nmethyl pyrrolidine were used. With toluene as a nonpolar aprotic solvent, in general higher temperature is required; however, the yield is lower compared to tetrahydrofuran and dioxane. Notably, donor solvents accelerate hydroamination reactions and even in protic solvents amines add spontaneously to electron deficient alkenes [30] . Furthermore, N-methyl pyrrolidine as a reaction medium increased the overall rate of reaction which probably is due to its ability for reduction of metallic complexes [31] , its higher boiling point and its basic character. Most hydroamination reactions have very high activation energies; however, the use of the basic or acidic additives can promote the reaction. According to the earlier reports [32, 33] , the selectivity for hydroamination of dienes can be controlled via addition of acids to the catalytic system. Among the acidic additives, such as trifluoromethanesulfonic acid, p-toluenesulfonic acid and trifluoro acetic anhydride, OTf -showed the best activity in this work. Basic co-catalysts such as potassium carbonate and triethylamine showed higher conversion than the acidic ones due to the higher nucleophilicity power of amines. Considering the above data, the best catalytic performance for hydroamination of cycloheptatriene is achieved by using an aniline with an electron donating group, dpppe as supporting ligand and triethylamine in N-methyl pyrrolidine as solvent.
Using above strategy, ketimines as an important class of compounds in organic synthesis, can be prepared from catalytic hydroamination reactions. The hydroamination of the terminal alkynes with anilines using a ruthenium carbonyl catalyst was reported in the literature [34] . Herein, we disclose hydroamination of phenylacetylene with aniline derivatives using above high reactive catalytic system (Scheme 3). The results are depicted in Table 3 . Because of higher reactivity of phenylacetylene, conversion up to 80 % was obtained using dpppe, [Ru(cymene)Cl 2 ] 2 and triethylamine (TEA) as cocatalyst.
Two observed products are associated with Markovnikov and the anti-Markovnikov additions. The reactions that were conducted with disubstituted anilines produced lower amounts of the side products, presumably due to statistical reasons and steric hindrance toward reaction at the ortho position of the aryl ring. Besides for substituted anilines, this catalytic system was also utilized in other aliphatic and aromatic amines and the results are illustrated in Table 4 . Notably, yield was lower in addition of aliphatic amines to cycloheptatriene at 140°C in the presence of higher quantities of catalyst and triethylamine.
Characterization of complexes
In this work, activity of a series of ruthenium-arene diphosphine catalysts have been measured. The characters of active catalysts were investigated and among them, structures of two new complexes, Ru(cymene)Cl 2 (dppm) (1) and [Ru(cymene)Cl 2 (dpppe)] 2 (5), were determined by single-crystal X-ray diffraction. The formation of these complexes is usually accompanied by the formation of dimeric ruthenium species, However, in the case of the reaction between dppm and [(p-cymene)RuCl 2 ] 2 in 1:1 mol ratio the mononuclear complex [Ru(C 10 H 14 )Cl 2 (dppm)] was isolated in which the 31 P NMR spectrum shows two peaks at chemical shift of 26.3 and 27.4 ppm, and demonstrating the uncommon l 1 -dppm coordination mode [36] , proving it is in dimeric structure.
These complexes are air stable and soluble in most organic solvents. Suitable crystals of complexes were obtained by slow evaporation from dioxane. Ortep view of complexes 1 and 5 are depicted in Figs. 1 and 2 , respectively. The structures of two complexes are similar to previously reported ruthenium(II) complexes of diphosphines [36] [37] [38] [39] . Single crystal structure of 1 confirmed the four-coordinate geometry with two chlorine ion and cymene ligand which is connected through p-electrons of l 6 -cymene and one phosphor of dppm ligand in the complex.
Complex Ru(cymene)Cl 2 (dppm) crystallizes as orange cubes in the triclinic space group P-1 with two molecules in the unit cell. The ruthenium-P bond distance is 2.3515 Å comparable with reported bond lengths for a four-coordinate ruthenium complex [37] . The RuCl(1) and RuCl(2) distances in 1 are 2.4063(16) and 2.4177(13) Å , respectively. The weak hydrogen bonds that exist in the structure, stabilized the packing of the complex (Fig. S1) .
Furthermore, hydrogen bonds exist between the C-H bond of cymene group and chloride ions of the next molecule (C(5)-H(5)ÁÁÁCl(1) = 2.727 Å with an angle of 150.92°and C(6)-H(6)ÁÁÁCl(2) = 2.770 Å with an angle of 166.41°). The molecular structure of [Ru(cymene)Cl 2 (dpppe)] 2 clearly shows two (p-cymene)RuCl 2 fragments connected through a dpppe bridge in a piano stool configuration.
The two Ru-C bonds that lie trans to the phosphorus atoms, namely, Ru-C(6) (2.220(10) Å ) and Ru-C(5) (2. 227(10) Å ) are slightly longer than other Ru-C bonds 2.164, 2.186 Å . Similar bond length patterns have previously been noticed for [(p-cymene)RuCl 2 )] 2 (dpppe)] and [(p-cymene)RuCl 2 -(PMePh 2 )] and attributed to the bondlengthening trans effect of the tertiary phosphine ligand [36, 38] . The p-cymene ring is essentially planar and C-C bond lengths in the ring are equal, there is no alternate short and long bond, which indicates that there is no electron localization. The Ru-Cl(1) and Ru-Cl(2) distances in 5 is, 2.409(2) and 2.421(2) Å , respectively. These bond lengths are similar to bond length of 2.4195 Å in other Ru(II) complexes [36] . Some weak hydrogen bonds exist in the structure, stabilizing the packing of the complex (Fig.  S2) . Furthermore, hydrogen bonds exist between the C-H bond of cymene group and chloride ions of the next molecule [C(5)-H(5)ÁÁÁCl(1) = 2.601 Å with an angle of 171.00 and C(6)-H(6)ÁÁÁCl(2) = 2.830 Å with an angle of 140.6°].
Crystallographic data and selected bond lengths and angles for complex 1 and 5 are listed in Table 5 and Table  S3 , respectively.
Conclusions
Ruthenium diphosphine complexes mediate hydroamination reaction of aniline derivatives with cycloheptatriene and phenylacetylene. Our studies showed that temperature, solvent, electronic and steric properties of substituents and addition of acidic or basic additives have a strong impact on hydroamination reaction. Cycloheptatriene was hydroaminated selectively with production of a sole product. Modification of the catalyst to improve activity and selectivity for hydroamination of the alkynes are in progress.
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